Introduction
Recently, semiconductor devices that work normally for a long time under harsh environments are demanded such as in nuclear power application or in space development field. Especially, after the disaster of Fukushima Dai-ichi nuclear power plant caused by the East-Japan great earthquake on March 11, 2011 , the importance of such a hard electronic devices has been growing. However, it is difficult to achieve the performance using conventional semiconductors such as Si semiconductor because of its physical property limit.
Prevention of the global warming is one of the most important and urgent subjects in the world. Technologies to reduce energy consumption should be the key for overcoming this problem, and one of which is the improvement in the efficiency of power devices.
Silicon carbide (SiC) semiconductor is one of the wideband gap semiconductors and the use of it is considered as the solution to achieve these performances because it has superior physical properties such as 3 times wider bandgap, 10 times larger electrical break-down field, and 3 times higher thermal conductivity, compared with Si semiconductor [1] . Taking advantages of these properties, on-resistance for unipolar devices such as metal-oxide-semiconductor field-effect-transistors (MOSFETs) can, for example, be reduced by a factor of a few hundreds when replacing Si with SiC semiconductor. In addition, SiO 2 film, utilized as an insulator in MOSFETs, can be grown on the SiC substrate surface by thermal oxidation, which is well compatible with the Si MOS device technologies [2] . Moreover, the power and frequency ranges of SiC MOSFETs are around 1 kV break-down voltage and around 20 kHz switching frequency, respectively, which covers the wide power device application field.
For these reasons, the developments of SiC power MOSFETs have been very popular for a few decades. However, the on-resistances for MOSFETs fabricated practically are beyond the lower limit for Si, however, higher than the SiC limit by a few orders [3] . As a result, conven-tional Si insulated gate bipolar transistors (IGBTs) still have most of the share in the application fields of power transistors. In the case of 1 kV break-down voltage device, the channel resistance is dominant to the total on-resistance. Therefore, controlling the channel layer, i.e. the SiC-SiO 2 interface structure, should be the key technology to realize a SiC -MOSFET with desired performances. Besides, although the long-term reliability of oxide is very important for the practical uses of MOSFETs, that of SiC MOS device are still lower than that of Si by a factor of 1 order. As the creation of interface layers and the characteristics of oxide layers are closely related to the growth mechanism of the oxide, it is safely said that the observation of SiO 2 growing process is very significant work for overcoming these problems.
In previous work, we have, for the first time, performed real-time observation of SiC thermal oxidation using an in-situ ellipsometer [4, 5] . The results show that the oxidation-time dependence of oxide thickness can essentially be represented by the Deal-Grove (D-G) model [6] , which has been originally proposed for the explanation of Si oxidation. Song et al. [7] have modified the D-G model for applying it to SiC oxidation, taking the process of carbon oxidation into account. They have concluded that a linear-parabolic formula can also be applicable to SiC oxidation, although the parabolic term includes the contribution from the diffusion of CO or CO 2 molecules from the SiC-oxide interface to the surface as well as that of oxygen from the surface to the interface. However, our further studies have found that the oxide growth rates in the thin oxide region are higher than those predicted from the D-G model [4, 8, 9, 10, 11] . By the way, it is well known that also the oxidation behavior of Si cannot be explained using the D-G model, i.e., particularly at the initial oxidation stage. Accordingly, several models that describe Si oxidation have been proposed [12, 13, 14, 15, 16] .
At the beginning of this chapter, we review the thermal oxidation models for SiC as well as those for Si that have been previously proposed, to elucidate the oxidation mechanism of SiC and then we verify each of these SiC oxidation models by making comparison with the oxide growth rate data with various oxidation conditions and discuss the structure and nature of the SiC-oxide interface layer based on the oxidation model that we have proposed.
Thermal oxidation models for Si and SiC

Deal-Grove model and its related models
The kinetic model of Si oxidation that is most often taken as a reference is the one so-called Deal-Grove model proposed by Deal and Grove [6, 12] . According to this model, the beginning of oxidation is limited to the interfacial oxidation reaction and, after oxidation proceeds, the rate-imiting process is transferred from the interfacial reaction to the diffusion of oxidants in SiO 2 . This process is expressed by the following equation given by Deal and Grove as [6, 12] 
where B/A and B are denoted as the linear and parabolic rate constants of oxidation, respectively. It is noted that B/A and B are the rate coefficients for the interfacial reaction and the diffusion of oxidants, respectively, i.e.,
where k is the interfacial oxidation rate constant, C 0 the solubility limit in SiO 2 , N 0 the molecular density of SiO 2 , D the diffusivity in SiO 2 , and the subscript means the value for the corresponding atom. By the way, according to the definition in the D-G model, in which the oxide growth proceeds under steady-state and a SiO 2 film is grown only at the SiO 2 -Si interface, the equation (1) can also be written as [6, 12] :
where C I is the atomic concentration at the interface. Comparing eq. (3) with eqs. (1, 2) , C O I is almost constant by C O 0 while X ≤ D O / k and, in turn, it reduces inverse proportional to X when X > D O / k (see the right-end parentheses in eq. (3)). Therefore, we can see that the length D O / k( = A / 2) corresponds to the thickness at which the interfacial reaction rate-limiting step transits to the diffusion of oxidants one. On the contrary, Watanabe et al. reconfirmed the validity of eq. (1), but modified the framework of A parameter, based on the consideration that the growth rate at the full range of oxide thickness is limited by the oxygen diffusion, i.e., there is no interfacial reaction-limited step in the Si oxidation process [16] .
Massoud empirical relation
It is well known that, in the case of dry oxidation, the oxidation rate of Si in the thin oxide thickness range cannot be reproduced by the D-G equation [6, 12] and, hence, several models to describe the growth rate enhancement in the thin oxide regime have been proposed. Among them, Massoud et al. [13] have proposed an empirical relation for the oxide thickness dependence of oxidation rate, that is, the addition of an exponential term to the D-G equation,
where C and L are the pre-exponential constant and the characteristic length, respectively. Also in the case of SiC oxidation, we have found that it is possible to fit the calculated values to the observed ones using eq. (4) much better than using eq. (1) regardless of oxidation temperature, as shown in Fig. 1 . However, this empirical equation can only reproduce the observed growth rates numerically, but does not provide a physical meaning. (1) [6] ) and those from the empirical relation (eq. (4) [13] ), respectively.
Interfacial Si emission model for Si
Some Si oxidation models that describe the growth rate enhancement in the initial stage of oxidation have been proposed [14, 15, 17] . The common view of these models is that the stress near/at the oxide-Si interface is closely related to the growth enhancement. Among these models, the 'interfacial Si emission model' is known as showing the greatest ability to fit the experimental oxide growth rate curves. According to this model, Si atoms are emitted as interstitials into the oxide layer accompanied by oxidation of Si, which is caused by the strain due to the expansion of Si lattices during oxidation. The oxidation rate at the interface (k in eq. (2)) is initially large and is suppressed by the accumulation of emitted Si atoms near the interface with increasing oxide thickness, i.e., the k is not constant but a function of oxide thickness and the oxidation rate is not enhanced in the thin oxide regime but is quickly suppressed with increasing thickness. To describe this change in the interfacial reaction rate, Kageshima et al. introduce the following equation as the interfacial reaction rate, k [14, 17] :
where k 0 is the initial interfacial oxidation rate.
In the D-G model and the Massoud empirical relation, it has been considered that oxide growth occurs only or mainly at the Si-oxide interface. However, according to the interfacial Si emission model [14] , Si atoms are emitted into the oxide layer, some of which encounter the oxidant inside the SiO 2 layer to form SiO 2 . In addition to this, when the oxide is very thin, some of the emitted Si atoms can go through the oxide layer and reach the oxide surface, and are instantly oxidized, resulting in the formation of an SiO 2 layer on the oxide surface. Therefore, there are two oxide growth processes other than the interfacial oxide growth, i.e., oxide formation due to oxidation of Si interstitials inside the oxide and on the oxide surface. The total growth rate is given by the sum of these three oxidation processes, as [14] ,
where the ν is the emission ratio, the κ is the oxidation rate of Si interstitials inside SiO 2 , ηis the oxidation rate of Si interstitials on the oxide surface, and the superscript 'S' means the position at the oxide surface (x=X). The first, second, and third term in the right-hand side of eq. (6) correspond to the interfacial oxide growth, the oxide growth inside SiO 2 , and that on the oxide surface, respectively. The concentrations of Si interstitials and O 2 moleculers in SiO 2 (C Si and C O , respectively) are derived using a numerical calculation based on the diffusion theory [17] . The diffusion equations will be shown in Sec. 2.4. If the steady-state approximation is assumed for the calculation, the obtained growth rate equation is equivalent to the Massoud empirical relation [14] .
Si and C emission model for SiC
Since the density of Si atoms in 4H-SiC (4.80 × 10 22 cm −3 [18] ) is almost the same as that in Si (5 × 10 22 cm −3 ) and the residual carbon is unlikely to exist at the oxide-SiC interface in the early stage of SiC oxidation, the stress near/at the interface is considered to be almost identical to the case of Si oxidation. Therefore, it is probable that atomic emission due to the interfacial stress also accounts for the growth enhancement in SiC oxidation. In addition, in the case of SiC oxidation, we should take C emission as well as Si emission into account because SiC consists of Si and C atoms.
Recently, we have proposed a SiC oxidation model, termed "Si and C emission model", taking the Si and C emissions into the oxide into account, which lead to a reduction of interfacial reaction rate [19] . Figure 2 . schematizes the Si and C emission model. Considering Si and C atoms emitted from the interface during the oxidation as well as the oxidation process of C, the reaction equation for SiC oxidation can be written as,
where α denotes the production ratio of CO. Figure 2 . Schematic illustration of the Si and C emission model [19] . It is to be noted that Si and C atoms are practically emitted into not only to the SiO 2 -side, but also the SiC-side, as shown in the figure.
In the case of Si oxidation, the interfacial reaction rate (eq. (5)) is introduced by assuming that the value of C Si I does not exceed the C Si 0 though the reaction rate decreases with increase ofC Si I . Based on this idea, the interfacial reaction rate for SiC is thought to be given by multiplying decreasing functions for Si and C [19] :
This equation implies that the growth rate in the initial stage of oxidation should reduce by two steps because the accumulation rates for Si and C interstitials should be different from each other, and hence, the oxidation time when the concentration of interstitial saturates should be different between Si and C interstitial. This prediction will be evidenced in the next section.
Diffusion equations for Si and C interstitials, and oxidants can be written by modifying the those given by the interfacial Si emission model [17] , that is,
where the prime means the variation for C atoms. It is noted that the R 2 and R 2 ′ mean absorption of interstitials inside the oxide and they are assumed to be consist of two terms, as suggested by Uematsu et al. [20] . From eq. (7), the boundary conditions at the interface are given as,
It has been believed that the oxidation rate in the thick oxide regime is solely limited by the in-diffusion of oxidant and the diffusivity of CO in SiO 2 is much larger than that of O 2 . Thus, we assumed that the diffusion process of CO is insensitive to the oxide growth rate. The oxide growth rate is described as eq. (6), but the second term in the right-hand side (i.e. the absorption-term of Si interstitials inside the oxide) is modified to be the combination of κ 1 and κ 2 shown in eq. (9) (see eq. (6) in Ref. [19] ). We approximated this integral term by the area of a triangle C Si I in height and ∂ C Si / ∂ x| x=0 / 2 in gradient of hypotenuse, on the basis of the idea that interstitials are usually distributed according to what resembles a complementary error function or exponential function, and their areal density is given approximately by the area of the triangle [21] .
Equations (8-10) were solved numerically using the partial differential equation solver ZOMBIE [22] . The oxide thickness, X, at each time step was obtained from eq. (6). The parameters related to the properties of SiO 2 (D Si ,D O , η, κ 1 , κ 2 andC Si 0 ) were set to the same values as those obtained for Si oxidation [17] . The parameters concerning C interstitials
) as well as the values of k 0 and ν Si were determined by fitting the calculated oxide growth rates to the measured ones. Figure 3 shows the oxide growth rates observed for 4H-SiC C face at 1090°C (circles) and Si face at 1100°C (triangles). The oxide growths were executed under dry oxygen ambient at a pressure of 1 atm. The experimental details can be found in the references [8, 9, 10] . Also shown in the figure are the growth rates given by the Si and C emission model (blue solid lines), the Si emission model, and the model that does not take account of both Si and C emission, i.e., the D-G model (red broken line and black double broken line, respectively). We note that the same parameters were used for these three SiC oxidation models. Figure 3 shows that the Si and C emission model reproduces the experimental values for both the C and Si faces better than the other two models. In particular, the dip in the thickness dependence of the growth rate seen around 20 nm for the C-face and 10 nm for the Siface, which cannot be reproduced by the Si emission model or the D-G model no matter how well the calculation are tuned, can be well reproduced by the Si and C emission model. These results suggest that the C interstitials play an important role in the reduction of the oxidation rate, similarly to the role of the Si interstitials. Moreover, from the fact that the drop in growth rate in the initial stage of oxidation is larger for the Si and C emission model than in the case of taking only Si emission into account, we found that the accumulation of C interstitials is faster than that of Si interstitials and that the accumulation of C interstitials is more effective in the thin oxide regime.
Results and Discussion
Differences in the oxidation process between C-and Si-face
As mentioned in Sec. 2.1, the growth rate in the thick oxide regime is determined by the parabolic rate constant B as is obvious if we consider the condition that A ≪ 2X for eqs. (1, 4) . Song et al. proposed a modified Deal-Grove model that takes the out-diffusion of CO into ac-count by modifying the parabolic rate constant B by a factor of 1.5 (called 'normalizing factor' [23] ), and through this model, they explained the oxidation process of SiC in the parabolic oxidation rate regime [7] . For the Si and C emission model, the normalizing factor corresponds to the coefficient of the oxidant shown in eq. (7), i.e. (2 − ν Si − ν C − α / 2). Since Song's model assumed that there is no interfacial atomic emission (i.e. ν Si = ν C = 0) and carbonaceous products consist of only CO (i.e. α = 1), for this case, the coefficient of the oxidant in eq. (7) equals 1.5, which is the same as the normalizing factor. Actually, our experiments revealed this coefficient to be 1.53 [19] , which is almost equal to the measured value from Song et al. Therefore, our results support the assumption in the Song's model that α = 1 and we believe that the obtained B values to be different from that of Si oxidation [5, 7, 23, 24] despite the fact that the native oxide is SiO 2 regardless of Si and SiC were due to the contribution from CO production in SiC oxidation. While in the case of the Si-face, since the influence of oxygen diffusion was significant at thicknesses above several μm as seen in Fig. 3 , we could not determine the value ofα. The value of α is thought to depend on the areal density of carbon in the substrate. Thus, we regard the α value of the Si-face as equal to that of C-face.
The parameters to be different between C-and Si-face in the deduced values wereν Si , ν C , and k 0 . In next section, we will discuss the temperature dependence of these three parameters. Figure 4 shows the oxide growth rates as a function of oxide thickness, observed for the dry oxidation of C-face at various oxidation temperatures (circles) and those given by the Si and C emission model (the solid curves) [25] . The figure indicates that the Si and C emission model reproduces the oxide growth rate curves for all of the temperatures measured. As mentioned above, some articles have suggested that [7, 23, 26] the SiC oxidation can be described by using the D-G model. However, there are several issues in the application of D-G model to SiC oxidation, in which unreasonable parameter values are needed to fit to the measured oxide growth rates. For example, the activation energy of parabolic oxidation-rate constant B for SiC Si-face and (112 0)α -face significantly different from that for Si is required to fit the growth rate curve despite the fact that both of oxides on SiC and Si are SiO 2 . In accordance with Si and C emission model, on the contrary, the oxide growth rates of SiC for all of the temperatures measured can be derived using just the same diffusivities as those for Si regardless of oxidation temperatures. This shows that the Si and C emission model is more valid than the D-G model to explain SiC oxidation process. Figure 5 shows the oxide growth rates for Si-face as a function of the oxide thickness at various oxidation temperatures. The calculated curves also well agree with the measured data. The figure indicates that the values obtained are almost constant in the larger thickness range in this study at any oxidation temperature. The reason for this constant thickness dependence is that, in the case of Si-face, interfacial reaction rate-limiting step continues up to several μm in oxide thickness, as revealed in Sec. 3.1. Figure 6 shows the temperature dependence of Si and C emission ratios (ν Si andν C , respectively) and initial interfacial reaction rate (k 0 ) for C-and Si-face deduced from the curve fits.
Oxidation rate at various oxidation temperatures
The figure indicates that the activation energies of ν Si and ν C are comparable between these polar faces, but the values of them for Si-face are larger than those for C-face, in particular, the ν Si for Si-face is remarkably large. It is noted that the ν Si values for C-face were just the same as those for Si(100)face. On the other hand, the activation energy of k 0 is a little larger for Si-face, while the k 0 values for these faces approach each other as elevating temperature.
Physics and Technology of Silicon Carbide Devices Figure 6 . Arrehnius plots ofν Si , ν C , and k 0 (circles, squares, and triangles, respectively) for Si-and C-face.
In the simulation for Si oxidation, Uematsu et al. have found that the ν Si depends on surface orientation of the substrate [17] . Therefore, it is possible that the differences in ν Si and ν C also appear between SiC C-and Si-face. Obviously, a high Si emission ratio leads to a low oxide growth rate, as shown in eqs. (5, 8) . Therefore, it is considered that the high Si emission ratio is one of the causes for the low oxidation rate for Si-face [28] . Uematsu et al. also found that the k 0 also depends on surface orientation, which is probably due to the difference in surface density of the Si-Si bonds available for the reaction with oxidants [17] . In the case of SiC, the areal density of such reaction-available bonds on Si-face is lower than that on C-face by a factor of three, which is roughly coincident with the difference in observed data (Fig. 6 ). According to the report from Ref. [27] , in the cases of extremely high oxidation temperature (~1500°C), the oxide growth rate is comparable between C-and Si-face, which is different from the fact that the oxide growth rates for the C-face are about eight times larger than those for the Si-face in the several 10 nm thickness region at around 1100°C and atmospheric oxygen pressure. We consider that such a high temperature oxidation proceeds with another mechanism such as 'active oxidation' (i.e. oxidizing with evaporation), so that the substrate orientation does not affect the oxidation process any more.
for SiC In the oxide growth calculations, we gave the same parameters to C-and Si-face in the case that the parameters are related to SiO 2 (i.e. η ′ , D C , κ 1 ′ , κ 2 ′ , andC C 0 ). Through the curve fits for various oxidation temperatures, we obtained their Arrehnius equations. Table 1 addresses the Arrehnius equations for these common parameters such as D C as well as those related to the properties of SiO 2 from Ref. [17] . It is noticed that the self-diffusivities of Si and O (D Si SD andD O SD , respectively, in Ref. [17] ) have been transformed to ordinary diffusivities. Looking at the table, the activation energy of D C (0.57 eV) seems to be small. Indeed, ab-initio studies have reported the energy between 2-3 eV [29] . We suppose for this discrepancy that our obtained value originates from not a segregation but a migration, that is, it is the diffusivity for C atoms that diffuse as interstitials. Note that the calculated growth rates are quite insensi-
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tive to the variation of η and η ′ when these values are large enough to sink all the interstitials that reach the oxide surface.
Oxidation rate at various oxygen partial pressures
To determine the oxygen pressure dependence of the SiC oxidation process, ex-situ measurements from 10 -3 to 4 atm have been carried out [23, 27] . However, both of these studies did not examine the initial oxidation process in detail, partly because in-situ real-time observations were not possible. We performed in-situ real-time measurements at reduced partial pressures between 0.1 and 1.0 atm, and found the presence of the initial growth rate enhancement to be similar to the case at atmospheric pressure [10] . Recently, we observed the SiC oxidation process under low oxygen partial pressures down to 0.02 atm to examine the initial stage of oxidation in more detail [11, 30] . Oxide thickness dependence of the oxide growth rates on 4H-SiC C-face (a) and Si-face (b) are shown in Fig. 7 . As seen in the figure, we could obtain growth rate data in the extremethin oxide region down to a few nm more precisely by reducing the oxygen partial pressure less than 0.1 atm, compared with the case of measurements above 0.1 atm. For both faces, the oxide thickness dependence of growth rate less than 0.1 atm are basically similar to those of above 0.1 atm even if the partial pressure is lowered to 0.02 atm. Namely, just after the oxidation starts, the oxide growth rate rapidly decreases and at around 7 nm in thickness, the deceleration rate changes to gentle one (hereafter each oxidation stage is denoted as rapid and gentle deceleration stage, respectively). Because the growth rates at each of the deceleration stage well ride on a straight line in a semi-log plot (shown by dashed lines in Fig. 7 ) in respective stage, the oxide thickness dependence of oxide growth rate can be approximated by a sum of the two exponential functions [11] , as,
where, R r and R g (R r ≫ R g ) are pre-exponential constants, and L r and L g (L r < L g ) are characteristic lengths for the deceleration of oxide growth rate in each oxidation stage. The first and the second terms represent the rapid and gentle deceleration stage, respectively. Equation (11) means that, in the thin oxide regime, the oxide growth occurs by two ways and these proceed not in series but in parallel because the growth rate is given by the sum of two terms and is determined mainly by the faster one in each stage. Obviously, the L r and L g values correspond to the gradients of the fitted line in the rapid and gentle deceleration stage, respectively. As shown in Fig. 7 , the L r value decreases with decreasing partial pressure, which corresponds to the more remarkable rapid deceleration. In contrast, the L g value is almost constant regardless of the partial pressure. This suggests that the oxidation process is different between the rapid and gentle deceleration stage. It is noted that the thickness at which the deceleration rate changes from rapid one to gentle one (termed 'X c ') is almost constant around 7 nm regardless of oxygen partial pressure and surface polarity.
In the case of Si oxidation, a rapid deceleration stage has also been observed just after oxidation starts, and the thickness corresponding to X c is also almost independent of the oxygen partial pressure, though the growth rates at X c depend on the oxygen partial pressure [13, 31] . Therefore, it can be stated that X c is determined only by the thickness of the oxide layer for both the Si and SiC oxidation cases.
As mentioned above, the existence of a rapid deceleration stage in the oxide growth rate just after oxidation starts (X<10 nm) has been observed also for Si oxidation [13, 31] . However, in the investigations on Si oxidation mechanisms, the cause for the rapid deceleration has not been clarified yet, so far. For SiC oxidation, Yamamoto et al. have tried to reproduce the observed data using the Massoud's empirical equation [13] . Here, we will discuss the reasons why two deceleration stages exist in the thickness dependence of oxide growth rate, based on the Si and C emission model [19] . We fitted the experimental data at each partial pressure with two straight lines, as shown by the dashed lines in Fig. 7 , and derived the initial growth rate of the two deceleration stages, R r andR g , by extrapolating the straight line to X=0 in the rapid and the gentle deceleration stage, respectively. It is noticed that the meanings of R r and R g are the same as those in eq. (11) . Figure 8 shows the oxygen partial pressure dependence of R r and R g , denoted by unfilled and filled symbols, respectively, on the C-(circles) and Si-faces (triangles). Since the oxide growth in thin thickness region was too fast to follow spectroscopic ellipsometry measurements in the case of 1 atm on C-face, we could not obtain the values of oxide growth rate in the rapid deceleration stage accurately, and thus the value of R r for C face at 1 atm was not shown in this figure. The broken line in Fig. 8 shows the line proportional to oxygen partial pressure and fitted to the R g data for C-face. For the both polar faces, the data points of R g ride almost on the line, suggesting that R g is proportional to partial pressure, though, for Si-face, R g becomes slightly smaller as seen from the linear relation approaching 1 atm. It should be noted that the rates are almost equal to each other between C-and Sifaces at low pressure region, which is strangely different from the fact that the oxide growth rates for C-face are about eight times larger than those for Si-face at atmospheric oxygen pressure. If the oxide grows chiefly at the interface, the oxide growth rate dX/dt is rewritten by using eq. (6) as follows:
The value of k is unlikely to depend on oxygen partial pressure because it corresponds to the rate that one SiC molecule is changed to one SiO 2 molecule, which should not depend on p.
In the thin oxide regime discussed here, the interface oxygen concentration C O I can be ex- As the number of the accumulated atoms should increase with the proceeding of oxidation and thus is proportional to the quantity of oxidized molecules, i.e., thickness of the oxide X, the variation in k may be approximately given as an exponential function of X in the form of Cexp( − X / L ), where C and L are the pre-exponential term and characteristic length, respectively, related to the accumulation(s) of Si (Si and C) interstitials at the interface. From these considerations as well as the fact that R g is proportional to p, the gentle deceleration of oxide growth rate can be attributed to the accumulation(s) of Si (Si and C) interstitials near the interface, and given approximately asdX / dt ∝ R g exp( − X / L g ), which is coincident with the second term in eq. (11).
If the initial growth rate R r in the rapid deceleration stage is also followed by eq. (12), it can be expressed thatR r = k 0 ′ C O I / N 0 , where k 0 ′ is the interfacial reaction rate when oxidation starts. As the value of k 0 ′ is also unlikely to depend on oxygen partial pressure, R r should be also proportional to oxygen pressure. While, as seen in Fig. 8 , R r is not proportional to p, though it decreases with decreasing p in the low p region. Also in the case of Si oxidation, the experimental data show almost no dependency of R r with respect to p [13] . Here, we consider the reason why R r is not proportional to but almost independent of oxygen partial pressure both for Si and SiC oxidation.
It has been considered that oxide growth occurs only or mainly at the Si-oxide (SiC-oxide) interface, so far. However, according to the interfacial Si emission model [14, 17] for Si oxidation and the Si and C emission model [19] for SiC oxidation, Si atoms (Si and C atoms) emit into the oxide layer, and some of which meet with oxidant inside the oxide to form SiO 2 . When the thickness of the oxide is very thin, a part of the emitted Si atoms can go through the oxide layer and reach the oxide surface, and then are instantly oxidized, resulting in the formation of a SiO 2 layer on the oxide surface. Therefore, there are two oxide growth processes other than the interfacial oxide growth, i.e., the oxide formation due to the oxidations of Si interstitials on the oxide surface and inside the oxide, and the total growth rate is given by the sum of these three oxidation processes, as revealed in eq. (6). In the case of oxidation inside the oxide, the possibility that an emitted Si interstitial encounter oxygen inside the oxide should be proportional to the oxygen concentration in the oxide. Therefore, this oxidation process should be proportional to p likeR g , and thus, can be excluded as a candidate of the origin ofR r . In contrast, in the case of oxidation on the oxide surface, the amount of oxygen is thought to be enough to oxidize all the Si atoms emitted and appearing on the surface, because the number of oxygen molecules impinging onto the surface from the gaseous atmosphere is several orders larger than that of emitted Si atoms transmitted through oxide even if the oxygen pressure is as low as 0.02 atm 1 . Therefore, the oxide growth rate for the oxidation on the oxide surface should be independent of the oxygen partial pressure, which is in good agreement with the behavior ofR r . Besides, the possibility that Si interstitials go through the oxide and reach the oxide surface is considered to decrease rapidly with increasing oxide thickness, and can be given as a form ofexp( − X / L r ),
where L r ( < L g ) is the escape depth of Si atoms from the oxide layer. From these considerations, the rapid deceleration stage of oxide growth rate observed just after oxidation starts is thought to be due to oxidation of Si interstitials on the oxide surface. The value of X c obtained from the experiments, around 7 nm, indicates that the escape depth of Si from the oxide is estimated to be several nm at 1100°C.
As has been mentioned above, in the rapid deceleration stage, the growth rate is determined with the oxidation rate of the emitted Si interstitials on the oxide surface (termed 'surface oxide growth'), while in the gentle deceleration stage, it is determined by the oxidation rate at the SiC-oxide interface and that of the emitted Si interstitials inside the SiO 2 layer (termed 'interfacial oxide growth' and 'internal oxide growth', respectively). The surface oxide growth rate depends little on partial pressure and, in contrast, the interfacial and internal oxide growth rates are proportional to partial pressure. It is therefore predicted from these pressure dependence that the rapid deceleration becomes more remarkable (i.e. the smaller L r ) at lower partial pressures, which is confirmed in Fig. 7 . In addition, the reason why the growth rates in the rapid deceleration stage at low pressures are not so much different between C-and Si-faces is that the surface oxide growth is dominant to the oxide growth in this stage, so that the oxidation on the oxide surface may proceed independently of the surface polarity. Figure 9 compares the observed oxide growth rates at various oxygen partial pressures on SiC (0001 ) C-face (a) and (0001) Si-face (b) with the growth rates given by the Si and C emission model (solid lines). It is noted that all the parameters used in the calculations other than the solubility limit of oxygen in SiO 2 2 are the same regardless of partial pressures. The figures indicate that the calculated curves successfully reproduce the observed growth rates though restricted in the gentle deceleration region and that the calculated curves show the rapid reduction more remarkable as the higher partial pressure, which is opposite tendency to that of the observed data. Also in the case of Si oxidation, the interfacial Si emission model [14, 17] cannot reproduce the growth rate in the thin oxide region at sub-atmospheric pressure, as pointed out by Farjas and Roura [31] . We consider that the accurate description for the surface oxide growth may dissolve the disagreement between the calculated and observed oxide growth rates in the cases of low partial pressures. To verify this idea, we separately calculated the oxide growth rate on the surface, inside the SiO 2 layer, and at the SiC-SiO 2 interface (denoted asF sur , F ox , andF int , respectively) using the Si and C emission model. Figure 10 . Simulated oxide growth rates on the surface, inside the SiO 2 layer, and at the SiC-SiO 2 interface (F sur , F ox , andF int , respectively) at 0.1 and 0.01 atm on Si-face. Figure 10 shows the calculation results ofF sur , F ox , and F int at 0.1 and 0.01 atm on Si-face. The figure indicates that the F sur curve for 0.01 atm is much higher than that for 0.1 atm by a factor of about 5 orders, though the F sur is still lower thanF int . This result confirms that the low pressure oxidation enhances the oxide growth on the surface, as discussed above, which is probably due to the reduction in the oxygen concentration at the interface and inside the oxide. Conversely, the F ox and F int curves for 0.01 atm are lower than those for 0.1 atm by factors of 2 orders and 1 order, respectively. Since the F int is higher than F ox in general, it is 2 The corresponding solubility limit of oxygen is derived by multiplying partial pressure by that for 1 atm, i.e., C O 0 = p × C O 0 (1 atm). found that the growth rate in the gentle deceleration stage to be proportional to pressure is due to the proportional increase inF int . Moreover, a careful look confirms the deceleration of F int in the very-thin oxide region (ca.< 5 nm) to be enhanced as elevating the pressure, which has been seen in the calculated curves in Fig. 9 . Therefore, it is necessary for the Si and C emission model, as well as for the interfacial Si emission model that an appropriate description for the oxide growth on the surface is introduced to the model so as to enhance the surface growth rate in the initial oxidation region up to over the interfacial growth rate.
Discussion on Si and C emission phenomenon and its relation to the interface layer
So far, we specify the oxidation mechanism of SiC from the viewpoint of the Si and C emission phenomenon. In this section, we will discuss the structure and the formation mechanism of the interface layer between SiC-SiO 2 , which has been considered as the crucial issue for the practical use of SiC-MOSFET, in the light of interfacial Si and C emission.
In previous work, we have found that [32, 33] the photon energy dependence of the optical constants n and k of the interface layer derived from the complex dielectric constants between 2 and 6 eV, covering the direct interband transition energy E 0 of 4H-SiC of 5.65 eV, is similar to that of bulk 4H-SiC, though the absolute values of n are about 1 larger than those of SiC [34] . We also found from the real time observation of SiC oxidation process using an in-situ spectroscopic ellipsometry that [30] the interface layer thickness increases with increasing oxide thickness and saturates around 1.5 nm at the oxide thickness of around 7 nm, and the refractive indices of the layer are also saturated at around 7 nm in oxide thickness to the similar values obtained from ex-situ measurements. The similarity in the energy dispersion of the optical constants of the interface layers suggests that the interface layer is not a transition layer between SiC and SiO 2 , such as SiO x or SiC x O y . Rather, it is a layer having a modified structure and/or composition compared to SiC, such as a stressed or interstitials-incorporated SiC layer, locating not on the SiO 2 side but the SiC side of the SiC-oxide interface.
According to the results from the real time observation [30] , the thickness at which the interface layer thickness and the refractive index become constant (i.e., 7 nm) is determined not from the surface polarity or oxygen partial pressure but from the oxide thickness. The Si and C emission model describes this behavior by considering that Si and C atoms are emitted into both directions of the SiC-oxide interface accompanying oxidation at the interface, i.e., into not only the oxide layer but also the SiC layer (see Fig. 2 ), and accumulation of interstitial Si and/or C atoms emitted into the SiC substrate may form a layer having similar optical properties as SiC but larger refractive indices compared to SiC. Since accumulation of interstitials is linked to the growth of the oxide, it is considered that growth of the interface layer is saturated at some intrinsic oxide thickness even if the oxygen pressure is changed. Takaku et al. have found from the real time observation that the use of relatively low oxidation temperature or oxygen pressure leads to no formation of the interface layer [35] , which can be explained by considering that the accumulations of Si and/or C interstitials are prevented by lowering the temperature or pressure.
Hashimoto et al. have found that there is a strong correspondence between the refractive index of the interface layer and interface state density obtained from the MOS capacitors fabricated on the same sample for ellipsometry measurements [32] . Hence, we believed that the accumulations of Si and C interstitials near/at the interface are closely related to the formation of interface states. According to the report from Afanasev et al. [36] , a graphite-like carbon layer forms near/at the interface, which causes interface states over the whole range of forbidden energy band and, in addition, an intrinsic SiO 2 defect (NIT: near interface trap), presumably originating from oxygen deficiency, exists regardless of Si or SiC-polytypes and gives rise to the interface states in the vicinity of the 4H-SiC conduction band edge, which cause a channel degradation in MOSFETs. Since the oxygen deficiency can be regarded as a Si interstitial in SiO 2 , Si (Si and C) emission into SiO 2 layer may be the origin for this SiO 2 defect. According to the ab-initio studies performed by Knaup et al. [37] , the origin of NITs is Si interstitials or C dimers originating from C interstitials inside SiO 2 . They also reported that C dimers in the SiC-side give rise to interface states at the energy range between mid gap and valence band edge. On the other hand, according to the ab-initio studies from Devynck et al. [38] , C-C pair in SiC originating from C interstitials and a Si-C-O structure give rise to a broad peak of interface state density, and a Si 2 -C-O structure give rise to a sharp peak near the conduction band edge, which is compatible with NIT. Cochrane et al. have performed an Electrically detected magnetic resonance (EDMR) techniques and found Si vacancies (or C dangling bonds) in the SiC-side near the interface [40] , which is presumably attributed to the Si emission during oxidation. Very recently, Shen and Pantelides have reported that they identified the origin of interface states that degrade the SiC MOS channel mobility as 'C di-interstitials', which are formed by a combination of the two C interstitials injected into the SiC [41] . Accordingly, we tried to simulate the formation of the interface layer based on the diffusion theory and, as a result, the calculations reproduced the interface layer with the thickness of around 1 nm [39] , which agrees with the values often reported [18, 34, 39] . Anyway, we would like to emphasize here that further understanding of the interfacial Si and C emission phenomenon during oxidation of SiC might be the key to realize the intrinsic performances of SiC MOSFETs.
Finally, we would like to introduce a recent innovation using oxidation about elimination of point defects. Hiyoshi and Kimoto invented an epoch-making idea, in which as-grown deep-level states such as a Z 1/2 center can be eliminated by oxidation of SiC substrates [43] . Taking into account the report from Storasta et al. [44] in which the origin of Z 1/2 is perhaps C vacancy, Hiyoshi and Kimoto considered the mechanism of deep-level state elimination by oxidation as follows: The excess silicon and carbon interstitials may be generated at the oxidizing interface, and a part of the emitted silicon and carbon interstitials may diffuse into the epilayer, and consequently, recombination of the interstitials with vacancies present in the epilayers may take place [45] . Therefore, the Si and C emission surely takes place during oxidation and the survey of Si and C interstitial movement is very important to utilize thermal oxidation as a device fabrication process, e.g. Ref. [46] , even in the developments in bipolar devices of over 10 kV class. Very recently, we found that stacking-faults are formed or extended by thermal oxidation, which is perhaps induced by the interfacial strain due to thermal oxidation [47] .
Conclusion
We review the oxidation mechanism of SiC and the formation of the interface layer between SiC and SiO 2 . Though most of articles have reported that the Deal-Grove model also describes the SiC oxidation process, we pointed out the discrepancy in the application of Deal-Grove model, in which the oxide growth rate in the thin oxide region cannot be reproduced with this model. Aimed at the elucidation of SiC oxidation process in this thin oxide region, we proposed a kinetic model that accounts for SiC oxidation, termed the 'Si and C emission model', and showed that the model well reproduces the oxide growth rate over the entire thickness range including the thin oxide region for both the C and Si faces. The results indicated that the oxidation and emission of C and the emission of Si all need to be taken into account to describe the oxide growth process in SiC. A comparison of the parameters obtained for the C and Si faces from the curve fits revealed that the differences in initial interfacial reaction rate and Si emission ratio are contributing to the large difference in oxide growth rate between these polar faces.
We tried to apply the Si and C emission model to the oxide growth rate data at various oxidation temperatures and found that the model reproduces the oxide growth rate curves for all of the temperatures measured for both of the Si-and C-faces. Comparing with the parameters deduced from the curve fits, we discussed the differences in oxidation process between Si-and C-face. We also showed the parameters obtained in this study, some of which such as a diffusivity and solubility limit of C in SiO 2 were firstly reported.
We have studied the oxygen partial pressure dependence of the SiC oxidation process on the Si-and C-faces. The oxide thickness dependence of the growth rate at sub-atmospheric oxygen partial pressures down to 0.02 atm show that, just after oxidation starts, the oxide growth rate rapidly decreases and the deceleration-rate changes to a gentle mode at around 7 nm in oxide thickness, which are probably the oxide surface growth mode and oxide internal/interfacial growth mode, respectively. We tried to reproduce the pressure dependence of oxide growth rates, however, it cannot be achieved, which is perhaps due to the inaccurate description for the oxide growth on the oxide surface.
Finally, we discussed the structure and formation mechanism of the SiC-oxide interface layer in terms of the Si and C emission phenomenon. We also introduced a recently invented technology on defect using oxidation, i.e. point defect elimination by oxidation, and suggested that understanding of oxidation mechanism is also very important in the developments of SiC bipolar devices.
